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Introduction
A few cellular proteins have been found to be capable of
self-perpetuating changes in conformation and function.
These proteins are called prions. Among these proteins,
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Avenue de la Terrasse two (Ure2p and Sup35p) are found in yeast cells, and
the third (PrP) is a vertebrate protein [1, 2]. Ure2p and91198 Gif-sur-Yvette
France Sup35p are unrelated in sequence to PrP and to each
other. They produce cytoplasmically transmitted herita-†European Synchrotron Radiation Facility
Boite Postale 220 ble changes in phenotype that are dominant, stable, and
curable [3, 4]. Unlike PrP, yeast prions do not kill the38043 Grenoble Cedex
France cells under experimental conditions; however, like hu-
man prion, they are transmissible.
The non-Mendelian genetic element [URE3] of the
yeast Saccharomyces cerevisiae reflects the loss of ac-
Summary tivity of Ure2p as a regulator of the transcription factor
Gln3p [5] involved in nitrogen catabolism. The inactiva-
Background: The [URE3] non-Mendelian element of the tion is self-perpetuating and, thus, heritable [6]. The
yeast S. cerevisiae is due to the propagation of a trans- molecular basis of the propagation of the inactive form
missible form of the protein Ure2. The infectivity of Ure2p of Ure2p is unknown. Inactivation of Ure2p is widely
is thought to originate from a conformational change of believed to occur by its assembly into amyloid fibrils,
the normal form of the prion protein. This conformational which are cross b fiber structures, where b strands are
change generates a form of Ure2p that assembles into perpendicular and b sheets parallel to the fiber axis,
amyloid fibrils. Hence, knowledge of the three-dimen- respectively [7]. A change in the conformation of Ure2p
sional structure of prion proteins such as Ure2p should may account for the conversion of the protein from a
help in understanding the mechanism of amyloid forma- soluble and functional state to an insoluble inactive
tion associated with a number of neurodegenerative dis- state. This change is made possible by the intrinsic
eases. flexibility of the protein.
Ure2p is composed of two distinct regions [8, 9]. The
N-terminal region (residues 1–93), rich in asparagine and
Results: Here we report the three-dimensional crystal glutamine residues (43 of 93 amino acids), is sufficient
structure of the globular region of Ure2p (residues 95– to induce [URE3] [10]. The functional region (residues
354), also called the functional region, solved at 2.5 A˚ 95–354) is involved in the nitrogen-dependent repres-
resolution by the MAD method. The structure of Ure2p sion of the ureidosuccinate utilization pathway in yeast
95–354 shows a two-domain protein forming a globular and complements URE2 gene deletions [10, 11]. This
dimer. The N-terminal domain is composed of a central region may interact with the poorly structured N-terminal
4 strand b sheet flanked by four a helices, two on each region of the protein and prevent the conversion of the
side. In contrast, the C-terminal domain is entirely protein into its prion form [10, 12, 13]. The functional
a-helical. The fold of Ure2p 95–354 resembles that of region of Ure2p shares a low degree of sequence similar-
the b class glutathione S-transferases (GST), in line with ity with the glutathione S-transferase (GST) superfamily
a weak similarity in the amino acid sequence that exists [11], whereas the N-terminal region is similar to aspara-
between these proteins. Ure2p dimerizes as GST does gine and glutamine rich, like Huntingtin [14], and other
and possesses a potential ligand binding site, although proteins involved in neurodegenerative diseases.
it lacks GST activity. Knowledge of the three-dimensional structure of
Ure2p is crucial for understanding not only the molecular
events that generate an amyloid fibrils assembly-com-
Conclusions: The structure of the functional region of petent form of the protein, but also its cellular function.
Ure2p is the first crystal structure of a prion protein. Here we report the crystal structure of the functional
Structure comparisons between Ure2p 95–354 and GST region of Ure2p (extending from amino acid residues
identified a 32 amino acid residues cap region in Ure2p 95–354). We demonstrate that its fold resembles that of
exposed to the solvent. The cap region is highly flexible the b class of GSTs, which suggests a remote evolution-
and may interact with the N-terminal region of the part- ary relationship. On this basis, we use the three-dimen-
ner subunit in the dimer. The implication of this interac- sional structure of Ure2p 95–354 to draw structural and
tion in the assembly of Ure2p into amyloid fibrils is dis- functional consequences on (1) the implication of the
cussed. domains in the overall stability of the protein in its mono-
meric and dimeric states, (2) a groove that is a potential
Key words: amyloid fibrils; crystal structure; prion; Saccharomyces‡ To whom correspondence should be addressed (e-mail: melki@
lebs.cnrs-gif.fr). cerevisiae, Ure2p
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Table 1. Crystallographic Data
Resolution (A˚) Wavelength (A˚) Reflexions (Unique/Total) Coverage (%) (I/s) Rsyma (%)
20–2.8 0.9787 (edge) 27,517/317,119 99.7 (99.7) 9.6 (2.9) 5.5 (14.5)
20–2.8 0.9780 (peak) 27,484/358,104 99.7 (99.7) 8.70 (3.1) 5.8 (15.5)
20–2.8 0.8856 (remote) 27,586/413,326 99.7 (98.9) 10.0 (3.4) 6.4 (17.1)
20–2.5 0.9340 (form I) 37,704/277,255 95.0 (95.0) 5.7 (1.9) 7.3 (29.1)
20–2.8 0.9340 (form II) 14,010/170,419 98.5 (89.8) 8.8 (2.6) 9.1 (34.1)
Wavelength 20–2.8 A˚ Rcullisb Phasing Powerc
Centric iso Acentric iso/ano Centric iso Acentric iso/ano
Edge – –/0.889 –/1.36 2.83/2.33
Peak 0.596 0.571/0.736 2.07 2.81/1.37
Remote 0.454 0.401/0.769 2.10 2.60/2.13
FOMd 20–2.8 A˚
Acentric 0.59
Centric 0.43
DM modified phases 0.878
Refinement SeMet Form I Form II
Resolution range (A˚) 20–2.8 20–2.5 20–2.8
Number of reflexions 27,458 36,861 12,931
Number of protein atoms 7,837 8,057 4,051
Number of waters atoms 143 286 21
Rcryste 0.208 0.21 0.217
Rfreef 0.258 0.269 0.296
Rmsd
Bond length (A˚) 0.006 0.006 0.007
Bond angles (8) 1.334 1.248 1.343
Average B (A˚2) 30.54 30.41 39.3
a Rsym 5 SjI 2 ,I.j/S I, where I 5 observed intensity and ,I. 5 average intensity.
b Rcullis 5 SjjFh(obs) 2 jFh(calc)jj/SjFh(obs)j for centric reflexions where jFh(obs)j 5 observed heavy atom structure factor amplitude, and
jFh(calc)j 5 calculated heavy atom structure factor amplitude.
c Phasing Power 5 root-mean-square (Fh/E), where Fh 5 heavy atom structure factor amplitude and E 5 residual lack of closure error.
d Figure of Merit 5 jF(hkl)bestj/F(hkl).
e Rcryst, R based on 95% of data used in refinement.
f Rfree, R based on 5% of data withheld for the cross-validation test.
g Rmsd 5 root-mean-square deviation from ideal geometry.
All numbers in parentheses indicate last outer shell statistics.
binding and/or active site, and, (3) the possible role of in solution (C. Thual, et al., and R. M., submitted). A
superposition of the Ca positions (excluding residuesthe region 267–298. Our data brings insight into the
evolutionary origin, function, and properties of Ure2p. 270–295) in the AB and A9B9 dimers gives an rms dis-
tance of 0.52 A˚. A similar superposition between dimersThe similarities and differences between Ure2p and the
b class of GSTs are discussed. A9B9 and CD over all Ca positions gives an rms separa-
tion of 0.61 A˚. This shows that the dimer structure of
Ure2p 95–354 is the same regardless of the crystal latticeResults
packing.
The structure of one monomer (molecule D) of Ure2pStructure of Ure2p Functional Region
The tertiary structure of the functional region of the yeast 95–354 is shown in Figure 1. It comprises two domains
separated by a short linker region of nine residues (197–prion Ure2p (residues 95–354) was solved by X-ray crys-
tallography to 2.8 A˚ resolution, using phases obtained 205). The smaller N-terminal domain (residues 95–196)
is an a/b structure with a central four-stranded b-sheetfrom multiwavelength anomalous dispersion (MAD) from
selenomethionine substituted protein (Table 1). This flanked by a-helices. Helix a1 and helix a3 are on one
side while helices a2 and a4 are on the other side. Themodel was used to solve the structure of two different
crystal forms by molecular replacement. Form I and II larger C-terminal domain (residues 206–354) is all a-heli-
cal. It includes helices a5 to a9 and a short helix desig-crystal structures were determined to 2.5 A˚ and 2.8 A˚
resolution, respectively. The crystal asymmetric unit of nated acap.
The interface between the two domains of Ure2p 95–the selenomethionine substituted protein and of form I
is composed of two identical dimers: one is formed by 354 contains a few hydrogen bonds and a salt bridge.
Extensive van der Waals contacts are formed betweenmolecules A and B, related by a 2-fold axis, and the
other by C and D, related by another 2-fold axis. The helices a2/ a4 of the N-terminal domain and helices a7/
a5 of the C-terminal domain. The side chain of Asn-124asymmetric unit of form II is composed of a dimer (mole-
cules A9 and B9 related by a 2-fold axis). These findings in helix a2 interacts with that of Trp-316 in helix a7. A
hydrogen bond is formed between the oxygen of Leu-indicate that Ure2p 95–354 dimerizes as demonstrated
Crystal Structure of the Prion Ure2p
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are calculated using the program ASA (A. Lesk, Cam-
bridge; probe size 1.4 A˚). The N-terminal domain contrib-
utes 33% of the buried surface area from a3-to-b3 loop,
strand b4, and helix a4. The C-terminal domain contrib-
utes 67% through helices a5 and a6 and the a5-to-a6
loop. Helix a5 alone contributes 38% of the overall bur-
ied surface area through interactions with helix a6 and
one residue of strand b4. Polar contacts between sub-
units implicate eleven residues per subunit, eight of
which belong to the C-terminal a5-to-a6 loop region.
These residues form six hydrogen bonds (Arg-164 to
Arg-254, Ser-177 to Gln-211, Gln-229 to Tyr-248, Gln-
229 to Arg-247, Gln-239 to Ser-243, His-232 to Arg-247)
and one salt bridge (Asn-164 to Arg-254) per subunit.
In addition, Phe-217 from each monomer stack on each
other along the dimer axis. It is notable that the majority
of interactions at the interface are non-polar, mainly van
der Waals contacts.Figure 1. Ribbon Representation of the Three-Dimensional Struc-
ture of the Functional Region of Ure2p in Its Monomeric Form
Fold Homology with Glutathione S-TransferaseA short linker region, shown in yellow, separates the two domains.
The functional region of Ure2p has a low sequence iden-The cap region (residues 267–298) is shown in orange. The N-termi-
nal domain (residues 95–196) consists of a central four-stranded b tity with glutathione S-transferases (between 11% and
sheet (red) flanked on both sides by a helices (blue). The larger 20%). The possible homology is confirmed by the three-
C-terminal domain (residues 206–354) is all a-helical. Drawn with dimensional structure, which shows the fold to be similar
MolScript [45]. to that of the GSTs. In addition, Ure2p is dimeric as
are GSTs. Glutathione S-transferases are an ubiquitous
superfamily of multi-functional enzymes that conjugate
201 in the linker region and the nitrogen of Ile-308 in electrophilic substrates to the tripeptide glutathione
helix a7. Two additional polar contacts are present be- (GSH). They are distributed into nine distinct families,
tween the linker region and the a6-to-a7 loop. They (namely: a, b, delta, theta, mu, pi, sigma, phi and omega
involve the carbonyl oxygens of Pro-199 and Trp-202, [15]) based on substrate specificity and amino acid se-
and the side chain of Lys-305. Trp-202 is wedged be- quence. Class b, defined in 1998 by Rossjohn and co-
tween the two domains and is in contact with Gln-209, workers [16] comprises bacterial GSTs (the b of b stands
Ile-212, Asn-213, and Ile-308 on one side and with Leu- for bacterial). Two crystal structures of b GST are known:
186, Val-189, and Asn-190 on the other side (Figure 2). E. coli [17], accession code 1a0f; and Proteus mirabilis
Finally, the domain interface has a salt bridge between [16], accession code 2pmt.
Glu-134 in helix a2 and Arg-344 in helix a9. This contact The best three-dimensional alignment between the
stabilizes the C-terminal helix, which runs nearly parallel functional region of Ure2p and a dimeric form of the 109
to a part of the b1-to-a2 loop in the N-terminal domain. GST structures available in the protein data bank was
found for the two bacterial GSTs (using the programs
Dimer Interface SARF, [18] and DALI, [19]). Sequence identity is 19%
The Ure2p dimer forms primarily through interactions between Ure2p 95–354 and E. coli GST, and 17% with
between helix a5 and strand b4/helix a4 on one side Proteus mirabilis GST. The overall rms Ca distance after
and helices a5 and a6 on the other side. Four helices, superposition with Proteus mirabilis GST is 1.99 A˚ (for
a4 and a5 from each subunit bundle together around the 357 Ca atoms) and 1.98 A˚ (for 351 Ca atoms) for E. coli
non-crystallographic 2-fold axis (Figure 3). This bundle GST (Figure 4). The sequence alignment based on the
involves a large number of van der Waals contacts. The structural comparison is shown in Figure 5 along with
dimer interface is fairly extensive with a total surface the secondary structure of the functional region of
Ure2p. We highlighted the 29 fully conserved residues.area of 3725 A˚2. Solvent-accessible surface areas (ASA)
Figure 2. Stereo View of the Electron Density
Map at 2.5 A˚ Resolution around the Linker
Region between the N- and C-Terminal Do-
mains
The map is calculated using SIGMAA-
weighted 2Fo-Fc coefficients and is contoured
at 1s level [38]. The linker region is colored
in yellow. Clear density is observed for all
residues. Trp-202 is wedged between the two
domains and is in contact with Gln-209, Ile-
212, and Asn-213 from helix a5 on one side
and with Leu-186, Val-189, and Asn-190 from
helix a4 on the other. Ile-308 in helix a7 is
also labeled.
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Figure 3. Stereo View of the Ure2p 95–354
Dimer
The two monomers are differently colored.
The central b sheet is in red. The 2-fold axis
is in the plane of the drawing in (a), and or-
thogonal to it in (b).
The Flexible Cap Region toward the solvent, and we call it the cap region (resi-
dues 267–298).Whereas the overall fold is very similar in the three pro-
teins, there are two significant structural differences be- A structural comparison of monomers C, D, A9, and
B9 shows that the cap region is flexible (Figure 6). Thetween Ure2p and bacterial GSTs. The first is a b strand
located between b2 and b3 in bacterial GST structures, temperature factors for main chain atoms of the cap
region are high: 48 A˚2, 31 A˚2, 60 A˚2, and 51 A˚2 in mono-which is replaced by a helices in Ure2p. The second
feature is an insertion of 32 residues (residues 267–298) mers C, D, A9, and B9, respectively. The Ca positions
are nearly identical when the cap region is excluded,located in the C-terminal domain of Ure2p. It comprises
the last 6 residues of helix a6, the acap helix and a long although the cap region main chain can move by up to
6.2 A˚ at residues 284–286. This results in an approximateloop that joins the acap to helix a7. This insertion points
Figure 4. Stereo View of the Superposition of
the Ure2p Dimer and E. coli GST.
Ure2p 95-354 is in blue, E .coli GST in purple.
The cap region is the insertion of 32 residues
(residues 267–298), located in the C-terminal
domain of Ure2p 95-354 and shown in
orange.
Crystal Structure of the Prion Ure2p
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Figure 5. Structure-Based Sequence Align-
ment of Ure2p 95-354 and Two Bacterial GSTs.
The bacterial GSTs belong to the beta class:
E. coli GST [17]; accession code 1a0f, and
P. mirabilis GST [16]; accession code 2pmt.
Secondary structure elements of Ure2p 95-
354 are labeled and indicated by coils for a
helices, arrows for b strands, and h for short
310 helices. Similar residues are in red and
identical residues are shown as white letters
on a red background. The positions of the
catalytic tyrosine or serine residues of the
eukaryotic classes of GSTs, and the catalytic
cysteine and histidine residues of the beta
class GSTs, are indicated by green stars.
They are not conserved in Ure2p sequence.
The figure was created using ESPript [46].
258 rotation of amino acid residues 271–294. Thus, Leu- 168, Ala-183, and Ile-184 in Ure2p; Asn-47, Pro-48, Val-
52, Leu-55, Ala-68, and Ile-69 in bacterial GSTs) contrib-270 and Phe-295 define two hinges around which the
cap can rotate. ute to the architecture of the active site. However, none
of the residues that are believed to be essential for
catalysis are present in Ure2p. A tyrosine residue, lo-Orphan Peptide Binding Site
There are representative crystal structures for each cated near the thiol group of GSH in reported structures
from the a, mu, pi and sigma classes [20, 22], is Ser-class of GST superfamily [15] (for reviews, see [20, 21,
22]). The active site is a cleft running along the domain 118 in Ure2p (Figure 5). A serine residue considered as
the catalytic residue in the u class [21, 23, 24, 25] is Gly-interface and located in equivalent positions in all GSTs.
Ure2p possesses a similar cleft that can be considered 125 in Ure2p. Finally, the catalytic cysteine and histidine
residues of the b class GST [16, 17] are changed to Asp-as a potential ligand binding site (Figure 7). While the
overall polypeptide fold is the same, each class of GSTs 124 and Ala-224 in Ure2p (Figure 5).
exhibits unique features, particularly at the active site.
Nevertheless, all GSTs share common structural constit- Discussion
uents at their glutathione (GSH) binding site [16, 17,
20, 21, 22]. Two important structural features are found Here we report the crystal structure of the functional
region of Ure2p. All the NMR structures of mammalianthere. One is the first b strand and a helix loop, located
near the interface between the N- and C-terminal do- prion proteins (PrPc) show an unrelated fold [26, 27].
Nonetheless, these proteins have several features inmains, which contributes to the architecture of the GSH-
site. The second is the sharp bend formed in the main common. Although their N-terminal regions are poorly
structured in solution, their C-terminal regions are richchain at a conserved cis-proline residue. It maintains
the active site in a functional conformation by ensuring in a helices (50%) with little b sheet (20%–30%) [28, 29].
Another common feature is their aptitude to assemblea main-chain hydrogen bond with the GSH substrate.
These two features are found in Ure2p 95–354, where into amyloid fibrils. Assembly of PrPsc and Ure2p into
amyloid fibrils is accompanied by a significant increasethe cis-proline is at position 166. Among the 29 strictly
conserved residues between Ure2p 95–354 and the two in b sheet content as determined by spectroscopic
methods. The b sheet content of PrP increases by 40%bacterial GSTs, two (cis-Pro-166 and Glu-180 in Ure2p;
cis-Pro-153 and Glu-65 in bacterial GSTs) are ligands upon PrPc . PrPsc transition [30]. The b sheet content
of Ure2p is estimated to be 30% in the soluble form,for GSH. Six others (Asn-160, Pro-161, Val-165, Leu-
Figure 6. Structural Comparison of the Cap
Region in Two Different Crystal Forms of
Ure2p.
Stereo diagram showing the superposition of
the a carbon cap region for monomers C
(blue) and D (red), from dimer CD of form I,
and monomers A9 (yellow) and B9 (cyan), from
dimer A9B9 of form II.
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matic activity and is incapable of conjugating glutathi-
one in a standard GST test using 1-chloro-2,4-dinitro-
benzene as substrate [9, 11, 31]. In addition, it lacks a
number of amino acid residues that are necessary for
catalysis. Moreover, the amino acid sequence identity
with GSTs (19%) is much lower than between two mem-
bers of a given class of GSTs (typically 70% or above).
Another feature of particular interest shows up when
comparing Ure2p to GSTs. It is the 32 residues insertion
that forms the cap (residues 267–298), extends helix a6,
and connects it to helix a7. The cap region is highly
flexible and is located on the same face as the N-terminal
residues 95–100 of the partner subunit in the dimer.
Interestingly, the cap forms polar and van der Waals
packing contacts in both crystal forms (form I and form
II). This reinforces the view that the cap is a preferred
region for a protein-protein interaction that could be
involved in the assembly of Ure2p into amyloid fibrils.
Recently, a Ure2 mutant that induces prion formation
has been described [34]. This mutant encodes a protein
in which ten amino acids are substituted. Four substitu-
tions out of ten are of particular interest in view of the
crystal structure. One is the K127E substitution. In wild
type Ure2p, Lys-127 belongs to the potential ligand
binding site. Its side chain nitrogen forms a hydrogen
Figure 7. Ure2p Possess an Orphan Peptide Binding Site. bond with the side chain oxygen of Ser-181. The substi-
(a) Surface of P. mirabillis GST (accession code 2pmt) with glutathi- tution by Glu increases the distance to the Ser-181 side
one bound in the glutathione binding site.
chain and may destroy this hydrogen bond. The other(b) Surface of Ure2p 95–354, showing its potential ligand binding
three mutations, V271E, M272L and Y282C, are locatedsite in the same orientation as in (a). The surface is colored according
in the cap. Interestingly, none of these mutations takento the electrostatic potential. The figure was created using
GRASP [47]. alone induces prion formation. In contrast, an induction
of the prion phenotype is observed when K127E or
M272L are associated to two point mutations located
and 40%–50% in the fibrils form [28]. In mammalian in the asparagine and glutamine rich N-terminal region
prion, the increase in b sheet may require a major confor- of Ure2p. These findings are consistent with the idea
mation change in the globular region. In Ure2p, the spec- that the N-terminal region from one monomer interacts
troscopic estimate is high for the globular form, which with the functional region of the other monomer within
has only 7% b sheet, but the conversion of the N-termi- the dimer. Such an interaction, favored by the vicinity
nal region suffices to account for the 10%–20% increase of the two regions in the dimer, could result in an alter-
observed in the fibrils. Thus, no major change is required ation of the overall structure of Ure2p and the facilitated
in the globular region. conversion of active Ure2p into an inactive, prion form.
Three lines of evidences suggest that the structure of In order to assemble into amyloid fibrils, Ure2p must be
the Ure2p 95–354 is likely to be conserved in the full- bivalent (i.e., exhibit two surfaces that may interact with
length protein. Limited proteolysis experiments per- each other). The asparagine and glutamine rich N-ter-
formed on full-length Ure2p and the 95–354 fragment minal region of one subunit and the cap region of the
yield identical patterns (Thual, C., et al., and Melki, R., other may provide these surfaces in the dimer. Alterna-
submitted). Quantitative circular dichroism (CD) analysis tively, the presence of the cap region in close vicinity
indicates that the removal of amino acid residues 1–94 with the N-terminal region of the partner polypeptide
results in the loss of a poorly structured region (Thual, chain in the dimer suggests that an interaction between
C., et al., and Melki, R., submitted). Equilibrium unfolding the two regions of the polypeptide chain can sharply
studies, performed in guanidinium chloride on full length modulate the conformational changes that lead to the
Ure2p and the 95–354 fragment, yield identical results assembly of Ure2p into amyloid fibrils. Evidence for such
and reveal the existence of an unfolding intermediate an interaction comes from the finding that the functional
(Thual, C., et al., and Melki, R., submitted). Altogether, region of Ure2p stabilizes the asparagine and glutamine
these data indicate that the N-terminal region 1–94 is rich N-terminal region of the protein and prevents the
not structured. The fold of the functional region resem- conversion to the prion form in vivo [10]. Additional evi-
bles that of bacterial GSTs in line with the weak amino dence comes from the yeast two-hybrid analysis of inter-
acid sequence similarity between these proteins. In ad- molecular interactions in Ure2p [13]. The interaction is
dition, Ure2p dimerizes, as GSTs do, and possesses a weak and is not detected upon performing equilibrium-
potential ligand binding site. However, it is not a GST. unfolding studies on full length Ure2p and Ure2p 95–354
Whereas GTT1 and GTT2 genes [31] are predicted to (Thual, C., et al., and Melki, R., submitted). Last, the cap
encode a yeast GST, no GST activity is detected in S. may play, either alone or together with the N-terminal
region, a specific role in the interaction between Ure2pcerevisiae cells [32, 33]. Ure2p has no reported enzy-
Crystal Structure of the Prion Ure2p
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50%, although form II crystals contain one dimer per asymmetricand its partner proteins in the regulation of nitrogen
unit, with a solvent content of 38%.metabolism. Such an interaction may allow the fine regu-
lation of Ure2p activity and of its partner proteins,
Data Collection
thereby distinguishing Ure2p from GSTs that lack this The data collection, phasing, and refinement statistics are reported
extension. in Table 1. Phase information was derived from a 2.8 A˚ resolution
Extensive site-directed mutagenesis will be used to three-wavelength MAD experiment [36] using a single crystal of Se-
Met substituted Ure2p (7 Se-Met per monomer identified by massbetter understand the mechanism of Ure2p dimerization
spectrometry). Two native data sets were collected, one at 2.5 A˚and assembly into amyloid fibrils, to investigate the role
resolution (form I) and the other at 2.8 A˚ resolution (form II). Allof the cleft that resembles to a ligand binding site, and
experiments have been carried out on the European Synchrotron
that of the cap delineated by amino acid residues 267 Radiation Facility protein crystallography beamlines (BM14 for the
and 298. This approach will allow a better comprehen- MAD data sets; ID14-EH1 for the native data sets). Diffraction pat-
sion of the molecular events that drive Ure2p assembly terns were taken on MarResearch CCD detectors, using vitrified
crystals maintained at 100 K using the Oxford Cryosystem Cryos-into amyloid fibrils and that of the polymerization proc-
tream device. Data were processed with the DENZO [37] and scaledess of this model prion. We shall also investigate the
with the SCALA program [38].interaction between Ure2p and partner proteins, such
as Gln3p [11], where the cap region may play a crucial
Structure Determination and Refinement
role. Finally, this approach may allow us to design and The heavy-atom positions were determined with Shake and Bake
document the binding of specific ligands to Ure2p. [39]. From the DEanomalous coefficients for the peak wavelength, Shake
and Bake converged to a solution containing 20 selenium atoms.
The sites were refined, and phases calculated, using SHARP [40].Biological Implications
Phases were improved by solvent flattening using SOLOMON and
by non-crystallographic-symmetry (ncs) averaging using DM [41].
The [URE3] non-Mendelian element of the yeast S. cere- At this stage, the electron density map was of sufficient quality for
visiae is due to the propagation of a transmissible form a model of the tetramer to be built using TURBO-FRODO [42], except
for the region comprising residues 277–287. Several cycles of refine-of the protein Ure2. This form originates from a confor-
ment with CNS [43] using simulated annealing with ncs restrain andmational change of the prion protein that is accompa-
manual rebuilding of the model with TURBO-FRODO, resulted in anied by an increased resistance of the protein to proteol-
model with an R factor of 20.8% and a free R factor of 25.8%ysis, binding of the Congo Red dye, and assembly into (Table 1).
fibrils. A dimer of the SeMet model was then used as a search model
The structure of the functional region of Ure2p resem- to solve the structure of the two native data sets by molecular
replacement. The AMoRe package [44] gave a unique solution forbles that of bacterial glutathione S-transferases. Al-
both data sets. The AMoRe solution was refined against the form Ithough no enzymatic activity has been reported for
native data collected at 2.5 A˚ resolution. A rigid body refinement,Ure2p, the protein appears to possess a ligand binding
followed by several cycles of refinement using CNS and manualsite. We show that Ure2p is dimeric and contains a highly rebuilding, gave a final model with an R factor of 21% and a free R
flexible cap. In the dimer, the cap region of one monomer factor of 26.9%. The final model is composed of two dimers in the
is in the vicinity of the N terminus of the other. Hence, asymmetric unit and has a very good geometry as detailed in Table
1. In dimer AB, residues 278–290 of both monomers are not visiblewe expect these two regions to interact within the dimer,
in the electron density map. In contrast, the structure of dimer CDand this interaction to drive the conversion of active
is complete. The AMoRe solution was also refined against the formUre2p into an inactive prion form. In addition, the cap
II 2.8 A˚ resolution native data set. A rigid body refinement, followedand the asparagine and glutamine rich N-terminal re- by several cycles of refinement using CNS and manual rebuilding,
gion in the dimer may define the surfaces involved in gave a final model with an R factor of 21.7% and a free R factor of
the specific interaction between Ure2p and its partner 29.6%. The structural statistics are detailed in Table 1.
proteins.
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